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The development of defect populations after proton irradiation of n-type 4H-SiC and subsequent
annealing experiments is studied by means of deep level transient (DLTS) and photoluminescence
(PL) spectroscopy. A comprehensive model is suggested describing the evolution and interconver-
sion of irradiation-induced point defects during annealing below 1000 ◦C. The model proposes the
EH4 and EH5 traps frequently found by DLTS to originate from the (+/0) charge transition level
belonging to different configurations of the carbon antisite-carbon vacancy (CAV) complex. Fur-
thermore, we show that the transformation channel between the silicon vacancy (VSi) and CAV is
effectively blocked under n-type conditions, but becomes available in samples where the Fermi level
has moved towards the center of the band gap due to irradiation-induced donor compensation. The
annealing of VSi and the carbon vacancy (VC) is shown to be dominated by recombination with
residual self-interstitials at temperatures of up to 400 ◦C. Going to higher temperatures, a decay of
the CAV pair density is reported which is closely correlated to a renewed increase of VC concentra-
tion. A conceivable explanation for this process is the dissociation of the CAV pair into separate
carbon anitisites and VC defects. Lastly, the presented data supports the claim that the removal
of free carriers in irradiated SiC is due to introduced compensating defects and not passivation of
shallow nitrogen donors.
I. INTRODUCTION
Silicon carbide (SiC) possesses a variety of point de-
fects and defect complexes that are promising for quan-
tum communication and quantum computing applica-
tions, due to both the emission of single photons upon
optical excitation and the existence of high-spin states for
electrons being trapped at these defect sites. Among the
most studied polytypes (3C, 4H, 6H), 4H-SiC possesses
the largest band gap of 3.23 eV at room temperature.
It can be grown with acceptably low residual impurity
concentrations such that intrinsic defects play a domi-
nant and controllable role in material properties. More-
over, many of its intrinsic defects that can be introduced
by electron or ion irradiation, or implanation, have been
shown to be excellent candidates for quantum building
blocks [1].
Herein, we mainly consider six intrinsic defects in 4H-
SiC that are electrically and/ or optically detectable:
the carbon and silicon vacancies (VC, VSi) and self-
interstitials (Ci, Sii), the carbon antisite-carbon vacancy
pair (CSiVC), and the divacancy (VCVSi). The VC
has been shown to have formation energies below 5 eV
[2, 3], and therefore is expected to be present in as-
grown SiC, in accordance with experimental observations
[4, 5]. In 4H-SiC, VC can occur in two crystallographi-
cally inequivalent lattice sites labeled h and k for pseudo-
hexagonal and pseudo-cubic, respectively, and the for-
mation energies of these two defects can differ by sev-
eral 100 meV, depending on the charge state [2]. VC
also exhibits strong negative-U effects and a pronounced
∗ r.m.karsthof@smn.uio.no
Jahn-Teller distortion of the singly-negative charge state
[6, 7], leading to the direct transition from the neutral to
doubly-negative (0/2−) acceptor state at around 0.7 eV
below the conduction band edge EC [8]. VC seems to be
an efficient center for non-radiative recombination and is
therefore considered a lifetime-limiting defect [9] which
has detrimental implications for bipolar devices.
The formation energy of the silicon monovacancy VSi
spans over a large range from around 7.5 eV under p-
type and intrinsic conditions to as low as 4.5 eV in n-
type SiC [2, 3]. VSi is mainly acceptor-like, possessing
charge states between neutral and threefold negative, al-
though a shallow donor-like (+/0) transition close to the
valence band is possible [2, 3]. Analogously to VC, two
configurations of VSi(h, k) exist. Charge transition levels
(CTLs) for the VSi occur at around EC − 0.7 eV for the
(−/2−) and EC − 0.4 eV for the (2−/3−) levels [2, 10].
VSi, in contrast to VC, does not exhibit negative-U char-
acter. The singly-negative charge state of VSi is optically
addressable with a spin of S = 3/2 that has been shown
to have a long spin coherence time [11]. This makes it
an ideal candidate for both solid-state qubits as well as
single-photon sources, given its favorable emission wave-
lengths in the near-infrared spectral range (V lines). VSi
defects can be controllably introduced into SiC by pro-
ton irratiation [12] and its charge state can be controlled
using, e.g., Schottky barrier diodes [10].
The carbon antisite-carbon vacancy pair (CAV pair) is
considered the counterpart to VSi [13], because it can be
formed by a single carbon hop into a neighboring VSi. In
p-type material, the formation energies of the CAV pair
are significantly lower than that of the VSi [2]. At around
1 eV below the conduction band edge EC, the situation is
reversed, with VSi becoming thermodynamically slightly
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2more favorable. Because the CAV pair involves one site
from the C and another from the Si sublattice, four in-
equivalent configurations of the CAV pair can be realized,
termed hh, hk, kh and kk, adapting the notation for the
monovacancies and referring to the Si site with the first
and the C site with the second symbol, respectively. The
CAV pair possesses three CTLs within the 4H-SiC band
gap, two of which are donor-like ((2+/+) and (+/0) tran-
sitions at roughly mid-gap and 1.0-1.1 eV below EC, re-
spectively) and one is acceptor-like ((0/−) CTL, around
0.5 eV below EC). The CAV pair in its singly-positive
charge state is known to be an ultra-bright single-photon
source, emitting in the visible spectral range [14] (AB
lines).
It shall be noted that the silicon antisite-vacancy pair
(SiCVSi) is excluded from the list of relevant defect com-
plexes here because it has been shown to be unstable with
regard to VC [15].
Formation of the divacancy VSiVC (VV) [4, 16] requires
not only abundance of single Si and C vacancies, but
also their adjacency which can be achieved at elevated
temperatures via defect diffusion. Therefore, although
its formation energy has been calculated to be in the
same range as for VSi and the CAV pair [17], the equilib-
rium concentration of VV defects depends on the extent
to which the single vacancies (mostly VSi, due to their
lower migration barriers as compared to VC [18]) are al-
lowed to diffuse, for example through post-annealing or
during high-temperature growth or irradiation. Thermo-
dynamic CTLs for the VV defect have been calculated
in the literature to be in the range of 0.7-0.9 eV and 1.2-
1.4 eV below EC for the (−/2−) and (0/−) CTLs, re-
spectively [19–21]. Analogously to the CAV pair, being a
complex comprising two lattice sites, there are four non-
degenerate configurations of the VV as well, yielding an
energetic spread of each of the CTLs. The VV defect
in the neutral charge state is also a known single-photon
source in 4H-SiC, emitting in the infrared range around
1.2 eV [20, 22].
Even though many routes have been explored on how
to introduce and control certain defects by irradiation
and subsequent annealing, a complete picture of the con-
version pathways through which defects can be intercon-
verted, and under which conditions this occurs, is still
missing. Such a general model can be expected to be
indispensable when developing post-irradiation anneal-
ing strategies to achieve a specific population of defects.
This paper aims at taking a step towards such a model
by studying epilayers that are proton-irradiated to a wide
range of fluences, and thereafter annealed in isochronal
steps to increasingly higher temperatures. In each step,
the defect population is monitored by means of deep level
transient spectroscopy (DLTS) and photoluminescence
(PL) spectroscopy in order to reveal defect interconver-
sion and out-annealing processes.
II. EXPERIMENTAL METHODS
The investigated samples consisted of 10 µm thick,
nitrogen-doped, (0001) oriented epitaxial 4H SiC lay-
ers, purchased from Cree Inc. The doping concentra-
tion was around ND ≈ 1× 1015 cm−3, as determined by
capacitance-voltage (C-V ) measurements. The n-doping
of the SiC substrate amounted to about 8× 1018 cm−3.
Formation of intrinsic defects was achieved by room tem-
perature irradiation with 1.8 MeV protons, having a pro-
jected range of 27 µm, well outside the epilayer, as simu-
lated based on collision Monte Carlo models implemented
in the SRIM package [23]. In order to suppress chan-
neling effects, the incident beam was tilted by 8◦ with
respect to the surface normal. Irradiation fluences were
chosen between 1× 1011 cm−2 and 6× 1013 cm−2. This
lead to two subsets of samples: one in the fluence range of
up to 4× 1012 cm−2, with trap concentrations being low
enough (< 0.2ND) to perform DLTS measurements, and
one being subjected to higher fluences that exhibited de-
fect concentrations above the lower detectivity threshold
for PL measurements. Moreover, the higher-fluence set
showed full donor compensation and was therefore not
suitable for DLTS initially.
After irradiation the samples were thermally annealed at
300 ◦C in a tube furnace in flowing N2 (30 cm
3 min−1) to
alleviate the influence of irradiation-induced unstable de-
fects. In order to perform defect spectroscopy measure-
ments, Schottky barrier diodes (SBDs) were fabricated
on the epilayer surface, using electron beam-evaporated
nickel patterned by deposition through a shadow mask.
Before SBD fabrication, the samples underwent RCA
cleaning to remove contaminations, including any SiO2
surface layers. The SBDs were of circular cross-sections
and had an area of 7.85× 10−3 cm2, with a Ni thickness
of 150 nm. The samples intended for PL measurements
were thoroughly cleaned in an ultrasonic bath in acetone
and isopropyl alcohol for 5 minutes each, but were left
untreated otherwise.
In order to study the influence of thermal treatment on
defect conversion, isothermal annealing at increasingly
higher temperatures and subsequent DLTS characteriza-
tion was performed. This included the removal of SBDs
before each annealing step to avoid in-diffusion and alloy-
ing of Ni into the SiC surface. For that purpose, the sam-
ples were placed in a 5:1:1 mixure of DI-H2O:HCl:H2O2
at a temperature of 80 ◦C for ten minutes, which leaves
the SiC free of metal residues. After annealing, the sam-
ples were quenched to room temperature using a cold
plate, and the SBDs were re-applied. The annealing steps
took place at 400 ◦C, 600 ◦C, 800 ◦C and 1000 ◦C, other-
wise analogously to the conditions described for the first
step above.
DLTS measurements were carried out using a high-
temperature setup operating between 77 K and 700 K.
The measurement frequency was 1 MHz, the pulse length
was 20 ms and the pulse height 10 V at a reverse bias of
−10 V. Six rate windows between 20 ms and 640 ms were
3chosen for evaluation of the transients, using a standard
lock-in correlation function. The concentrations of the
different levels found in the measured spectra were ex-
tracted by a numerical simulation of the transients and
the resulting spectra, based on assumed (variable) values
for trap energy, capture cross section and density of the
traps. The lambda correction was included for increased
accuracy of the thusly determined trap concentrations.
Photoluminescence measurements were carried out using
a closed-cycle He refrigerator system (Janis, CCS450)
and a 405 nm wavelength cw-laser of 75 mW power as
excitation source. The focused laser beam, impinging on
the sample surface at a 27◦ angle, yielded an excitation
intensity of ≤ 1 kW cm−2 and polarization perpendicular
to the optic c-axis of 4H-SiC. The PL signal was collected
in a back-scattering geometry by a microscope objective
(Mitutoyo, LWD 10X), spectrally filtered (long-pass LP
550 nm filter) and analyzed by an imaging spectrometer
(Horiba, iHR320) coupled to an EMCCD camera (Andor,
iXon Ultra 888) with a spectral resolution below 0.2 nm.
A near-confocal configuration of the detection, ensured
by a high numerical aperture objective and narrow slit
of the imaging spectrometer, allowed for maximized col-
lection of the PL signal from the uppermost 3–4µm of
the epilayer.
III. RESULTS AND DISCUSSION
A. Assessment of initial defect populations
Fig. 1 shows DLTS spectra of samples irradiated to
three different fluences, and subsequently annealed at
300 ◦C (pre-diffusion) for measurement temperatures be-
tween about 180 K and 570 K, where six frequently re-
ported trap levels are visible. The activation energies of
these levels are summarized in Table I, together with as-
signments to specific point defects made in the literature.
The defect levels dominating the spectra, independent
of irradiation fluence, are the so-called Z1/2 level, which
has been attributed to the (0/2−) CTL of the carbon
vacancy VC [8, 24], and the S center possessing the levels
S1 and S2, which have been identified as the (−/2−) and
(2−/3−) CTLs of the silicon vacancy VSi [10]. We conse-
quently interpret their concentration as equivalent to the
content of VC and VSi [25]. The feature labelled EH6/7 at
the high-temperature end of the spectra has been associ-
ated with the deeper lying (2+/+/0) CTLs of VC in dif-
ferent configurations [26]. Two more peaks are notewor-
thy: EH4, a rather broad and asymmetric peak spreading
between about 350 K and 450 K, and EH5, which in the
300 ◦C annealed samples appears only as a weak shoul-
der on the low-temperature flank of EH6/7. By using a
high-resolution weighting function for the DLTS spectra,
it becomes apparent that EH4 possesses a substructure,
and that three levels in total are needed to explain the
considerable broadening in temperature this feature ex-
hibits (inset of Fig. 1). The chemical identity of the de-
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FIG. 1. DLTS spectra of 4H-SiC proton-irradiated to three
different fluences after an initial annealing step to 300 ◦C, with
dominant defect levels indicated. The corresponding rate win-
dow was 1.56 s−1. Inset: high-resultion DLTS spectrum (flu-
ence 8× 1011 cm−2) showing the temperature region of the
EH4 and EH5 traps, revealing three contributions to EH4.
TABLE I. Properties of defect levels documented in Fig. 1
(trap energy with respect to conduction band edge, as well as
assignments to specific point defects from the literature).
label EC − Et (eV) assignment, reference
S1 0.42 VSi (2−/3−) [10]
Z1/2 0.67 VC (0/2−) [8, 24]
S2 0.71 VSi (1−/2−) [10]
EH4 ≈ 1.0
EH5 ≈ 1.1
EH6/7 1.5-1.6 VC (2+/+/0) [8, 26]
fects or defect complexes producing both EH4 and EH5
has not been clarified so far.
While the VC acts mainly as a non-radiative recombi-
nation center and therefore does not emit light, VSi, CAV
and VV have well-documented PL lines in certain charge
states. Fig. 2 demonstrates the light emission from these
three defects in two irradiated (to different fluences) sam-
ples at pre-diffusion conditions. Due to its energetically
inequivalent configurations, the positively charged CAV
pair (CSiVC)
+ exhibits a set of multiple emission lines
in the range 648 nm–677 nm (labeled AB lines, Fig. 2(a))
[13]. As can be seen, AB emission becomes visible for
increasing irradiation fluence, and is channeled mainly
into the B1/B2 line pair associated with excited states
of the kk configuration of CAV [27]. Importantly, it can
be stated that the CAV pair is present in our samples
to detectable amounts after proton irradiation and pre-
diffusion.
Figs. 2(b) and 2(c) display the emission windows from
the silicon vacancy. The so-called V lines appear in two
regions, one of which contains the double line V1/V1’ at
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FIG. 2. PL spectra of SiC epilayers irradiated to two different fluences and post-annealed at 300 ◦C. Measurements were done
at 10 K in four different spectral windows containing the emission of (a) the CAV defect (AB lines), VSi with (b) its V1/V1’
doublet and (c) V2 lines, and (d) the divacancy (PL4 line). Excitation at 405 nm, 75 mW (cw). Vertical grey lines are reference
values for the lines.
858.7 and 861.3 nm, and the other is the single V2 line
at 916.1 nm. These have been associated with emission
from excited states of the single negative VSi defect on
the h and k site for the V1/V1’ and V2 lines, respectively
[28]. Under the experimental conditions used here, emis-
sion from V-Si is mainly channeled into the V1’ line.
Emission from the divacancy VSiVC, in its neutral charge
state, is shown in the fourth window in Fig. 2(d). Analo-
gously to the CAV pair, the VV is a two-component com-
plex possessing four inequivalent configurations as well,
each emitting at a specific IR wavelength in a wide range
between 1077 and 1132 nm [20, 29]. The lines are labeled
PL1, PL2, PL3 and PL4, of which we only show the latter
due to detection limitations for longer wavelengths. PL4
has been shown to belong to the hk configuration of the
VV defect [20]. Similar to CAV, the divacancy is present
in irradiated and pre-diffused SiC in our experiments.
B. Identification of the CSiVC defect by DLTS
Turning to the defect identity giving rise to the EH4
and EH5 traps in DLTS, we start with the observation
that the occurence of these traps is correlated, i.e. either
both or none of them are detectable in the same experi-
ment. Moreover, their concentrations are always seen to
be very similar, which is shown for the present study in
Fig. 3. We take this as an indication for a common origin
of the traps. Moreover, the EH4,5 traps occur in concen-
trations similar to, but slightly lower than, those of the
isolated vacancies VC, VSi (Fig. 3). For these defects, dy-
namic annealing and the subsequent 300 ◦C anneal have
been estimated to leave 3 % of the initially created va-
cancies remaining [10]. Based on their similar concentra-
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EH5 traps, as well as VC and VSi, after pre-diffusion. Com-
pact lines: fits demonstrating the linear fluence dependence of
EH4,5traps. Dashed lines: fits to VC and VSi concentrations
according to a shifted-linear model.
tions, it can be stated that the rate of introduction of the
defect causing the EH4,5 traps to appear is comparable,
although slightly lower, than that of the monovacancies.
This rules out larger defect complexes as the origin, a
claim that is also supported by the fluence dependence
of the EH4,5 level concentration in Fig. 3. For a primary
defect like VSi and VC, above a certain background level,
a linear relationship of concentration with fluence is ex-
pected. This is exemplified by the linear fits[30] to the
5 kk
30
0
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FIG. 4. Defect formation enthalpies in the carbon-rich limit
for the VSi, VC and CSiVC defects in different configurations,
values adapted from Ref. [2]. Position of Fermi energy for the
temperatures used in our annealing experiment, and intrinsic
Fermi level present after high-fluence irradiation, indicated as
dashed lines.
monovacancy concentrations in Fig. 3. For higher-order
defect complexes, the fluence dependence is expected to
be superlinear, as multiple displacement events have to
occur at adjacent lattice sites in order to create them.
Fig. 3 shows that for all four traps EH4,5, the fluence de-
pendence is linear, which combined with the large intro-
duction rate narrows down the list of candidates respon-
sible for these levels to small complexes involving VC,
VSi, Sii and Ci, and possibly another impurity contained
in the sample with significant concentrations. However,
a participation of interstitials is unlikely due to their low
thermal stability [31] as compared to the EH4,5 levels.
This will be further supported by the thermal evolution
of the defect population below. Moreover, electron irra-
diation experiments with energies below and above the
Si displacement threshold [32, 33] have shown that EH4,5
only appear when VSi is created. Therefore, the Si va-
cancy is likely to be involved in their formation.
Since the nitrogen content in the samples is approxi-
mately 1015 cm−3, an additional involvement of N is con-
ceivable, for example in the form of NCVSi (NV) centers.
There are, however, arguments opposing this assignment.
The formation of NV centers during room-temperature
irradiation is possible when a VSi is formed adjacent to
a NC donor. Because this process is much less likely
than the formation of VSi at any lattice site, the initial
density of NV centers is lower than [VSi] (brackets [ ]
denote concentration) by some orders of magnitude, so
we do not expect NV to be detectable in DLTS in the
pre-diffusion stage – in particular not in concentrations
comparable to [VSi] itself, as seen in Fig. 3. Further, the
EH4,5 levels have been observed in a variety of SiC mate-
rial from different sources, including nominally undoped
epilayers [34]. Consequently, the candidates responsible
for the EH4,5 traps can be further narrowed down to sim-
ple and intrinsic defect complexes involving VSi. This
leaves mainly two possibilities: the CAV pair, and the
divacancy.
The formation energy diagram for the VC, VSi and CAV
defects as calculated in Ref. [2] is reproduced in Fig. 4.
CTLs related to the divacancy have not been calculated
in the referenced work, but are generally expected to
be in the range 0.7 eV–0.9 eV and 1.2 eV–1.4 eV, as dis-
cussed in the introduction. It must be stated that no
prominent traps with activation energies in that range
have been found by DLTS in the present work. More-
over, even though VV could be detected by PL for the
highest-fluence samples in the pre-diffusion stage, [VV] is
expected to be low in the lowest-fluence sample set when
compared to VSi, for example, while [S2] and [EH4,5] are
of the same magnitude in these samples. We therefore
argue for discarding the divacancy as the origin of the
EH4,5 traps. For the CAV pair, the formation energy
diagram predicts the (+/0) and the (0/−) transitions
to be at around 1 eV and 0.5 eV below EC, respectively.
While the latter is energetically similar to the (−/2−)
and (2−/3−) CTLs of the VSi (the S1 and S2 centers)
and the (0/2−) double acceptor transition of the VC (the
Z1/2 level), the deeper-lying (+/0) CTL is energetically
isolated and are therefore more suitable for the identifi-
cation of the defect. An important observation of Fig. 4
is the splitting of the (+/0) CTL belonging to the dif-
ferent CAV configurations into a set of three (hk, hh,
kk) at around 1.0 eV and a single one (kh) at 1.13 eV.
Referring to Table I, it becomes evident that these agree
well with the activation energies found for the EH4 and
EH5 traps. As was discussed in the last section, the EH4
peak consists of three sublevels (EH4a,b,c) with very simi-
lar activation energies of around 1 eV, which is consistent
with the hypothesis that EH4 is produced by the hk, hh
and kk configurations of the CAV pair, while EH5 is con-
nected to the slightly deeper kh. Indeed, a recent EPR
study [35] has found the ionization energies of the neutral
CAV pair to be roughly 1.1 eV, with detectable energetic
splitting between the configurations, which further sup-
ports our assignment.
We next turn to the more elusive (0/−) transition at
lower activation energies. It is conspicuous that Z1/2
possesses an extended low-temperature flank towards S1,
rendering it asymmetric in shape. This flank, upon an-
nealing at 1000 ◦C, developed a clearly resolvable sub-
structure containing four trap levels with activation en-
ergies in the range between 0.45 and 0.58 eV (indicated
by arrows in Fig. 5), having signal intensities comparable
to those of the EH4/5 centers which were also present in
this sample. The same substructure can be seen in DLTS
spectra published by Alfieri et al. (Fig. 5 in Ref. [24]).
These levels could therefore be the expected acceptor
transitions of the CAV pair.
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FIG. 5. High-resolution DLTS spectrum of a high-fluence irra-
diated and 1000 ◦C annealed sample, revealing a substructure
of the low-temperature flank of Z1/2 which is possibly related
to the (0/−) CTL of the CAV pair.
C. Evolution of defect concentrations with
annealing
In this section, the different pathways through which
intrinsic defects in n-type 4H-SiC can anneal out will be
explored. The development of the defect population after
each annealing step was monitored using DLTS for the
low-fluence and PL for the high-fluence irradiated sam-
ples. Irradiation introduces a large variety of defects,
and the dominant defects in 4H-SiC, like VC, VSi and
the complexes VV and CAV have acceptor-like states in
the upper part of the band gap. Therefore it is not sur-
prising that such experiments usually lead to the removal
of free carriers with increasing irradiation fluence [36–39].
This was also observed in the present work. In Fig. 6(a)
the net doping of the low-fluence samples, as determined
by means of capacitance-voltage measurements, is shown
after each annealing step. It can be seen that starting
from a proton fluence of 4× 1011 cm−2 an initial reduc-
tion of net doping becomes noticeable. For the sample
with the highest fluence in this sample set, room tem-
perature C-V measurements were not possible in the ini-
tial state as the free carriers were entirely compensated.
Interestingly, annealing can recover the free carriers al-
most entirely, with the temperature required to achieve
recovery depending on the initial compensation. DLTS
measurements on the highest-fluence sample across the
full temperature range therefore became possible only
after the 800 ◦C anneal. However, even for the partially
compensated state, gradual charge carrier recovery was
observed for elevated temperatures, e.g. approximately
400 ◦C for the initial (300 ◦C) stage, as is demonstrated
in Fig. 6(b) where the temperature dependence of the
reverse capacitance Crev is shown. The temperature at
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FIG. 6. (a) Net doping concentrations of low-fluence irradi-
ated samples after annealing at different temperatures; data
collected by means of C-V measurements at a reverse voltage
of 10 V. Dashed line: linear fit, dashed-dotted line: expo-
nential fit to initial (300 ◦C) doping data. Nominal doping
range highlighted in grey. (b) Crev-T curves of a sample ex-
hibiting initial compensation and partial free carrier recovery
upon heating (reversible; temperature sweeps in both direc-
tions are shown) and annealing (irreversible).
which this capacitance recovery occurs decreased after
each annealing step. The recovery during measurements
was shown to be reversible, in contrast to the effect in-
duced by annealing. This behavior is indicative of the
compensation being due to low-stability acceptors that
form independently of the doping concentration, and in
contradiction to a previously suggested model according
to which carrier removal is due to the irradiation-induced
passivation of shallow NC donors [36]. Introduction of
compensating acceptors removes charge carriers in de-
pendence on the Fermi level position which changes with
temperature. Consequently, a partial recovery of free car-
riers at elevated temperatures is expected. The compen-
sation hypothesis is also supported by the observation of
the net doping density decreasing linearly with irradia-
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FIG. 7. C vacancy concentrations, as determined from the
Z1/2 level intensity, of SiC irradiated to various proton flu-
ences after isochronal (30 min) annealing steps to the given
temperatures.
tion fluence, as is demonstrated by the fit (dashed line)
in Fig. 6(a). Importantly, the total concentration of the
detectable acceptor-like defects with known concentra-
tions (VC, VSi, CAV pair) in our experiments is close to
the concentration of the observed carrier removal. Hence
the removal effect can to a large extent be explained by
the aforementioned defects, indicating that there are no
other prominent defects that have to be taken into ac-
count.
It is also noteworthy from Fig. 6 that for the lowest irradi-
ation fluences, annealing increases the net doping to val-
ues significantly above the nominal doping of 1015 cm−3.
We have currently no definite explanation for this be-
havior, but it is possible that the as-received SiC either
already contained thermally unstable compensating ac-
ceptors that anneal out at around 1000 ◦C, or a popula-
tion of inactive donors that became activated after the
anneal.
1. Thermal evolution of the carbon vacancy
Fig. 7 shows the development of the VC concentration,
as determined from the DLTS signal of the Z1/2 center,
with annealing at increasingly higher temperatures for
the different irradiation fluences. [VC] initially drops at
400 ◦C and then increases with increasing annealing tem-
peratures. The relative amount of the initial decrease is
seen to be lowest for the lowest fluence, i.e. more VC is
annealed out at low temperatures when the initial defect
concentration is higher. For the highest annealing tem-
perature of 1000 ◦C, there is a renewed drop of [VC] for
higher fluences.
A comparable observation was made by Alfieri et al.
[24] in a multi-stage annealing experiment on electron-
irradiated 4H-SiC. Irradiation is known to produce self-
interstitials and vacancies in comparable concentrations.
Dynamic annealing during the irradiation and the sub-
sequent 300 ◦C pre-diffusion step are believed to lead
to a significant decrease in interstitial concentration,
but our results, combined with those by Alfieri et al.,
demonstrate that annealing at up to 400 ◦C is neces-
sary to produce a stable VC concentration by induc-
ing recombination with residual interstitials. In fact,
based on a model for vacancy-interstitial recombina-
tion developed by Bockstedte, Mattausch and Pankra-
tov [31], the annihilation of these intrinsic defects is ex-
pected to occur in two stages in n-type SiC. Herein,
the recombination of closely spaced vacancy-interstitial
pairs happens at a comparatively low temperature of
around 200 ◦C, whereas pairs separated by more than the
nearest-neighbor distance anneal out via an interstitial
diffusion-limited process that requires slightly elevated
temperatures of up to 500 ◦C. Besides regular recombi-
nation which restore normally occupied lattice sites, for-
mation of antisites through the same mechanism is also
conceivable. However, SiC has been shown to only pos-
sess one CTL close to the valence band [3] which is inac-
cessible in our experiments, such that it is not possible to
distinguish antisite formation from Ci-VC recombination.
In any case, it can be stated that long-range interstitial
diffusion is likely the reason for the continued annealing
of VC. The process is enhanced under n-type conditions
which produce defects in more negative charge states,
lowering interstitial diffusion barriers [15, 31, 40].
At the same time, considering the similarity of our exper-
iments with those by Alfieri et al., it can be stated that
the renewed increase of VC concentration above 400
◦C
is a process that is induced under different experimental
conditions (electron vs. proton irradiation). A conceiv-
able explanation is thermal release of VC from defect
complexes. It was previously shown in Fig. 2(d) that the
VV defect is actually present in the samples after the
pre-diffusion step. The thermal dissociation of VV into
the isolated vacancies would explain an increase of [VC].
However, the VV center has been shown to be thermally
stable and have a high binding energy [16, 41, 42], such
that thermal dissociation below 1100 ◦C is unlikely. An-
other possibility of VC release is from the CAV pair via
its dissociation, which is discussed in Subsection 3. Anal-
ogously to VV, CAV has formed in detectable amounts
over the course of dynamic annealing during proton irra-
diation, as has already been shown in Fig. 2(a).
2. The silicon vacancy and the CAV pair
PL spectroscopy is a technique used for the identifica-
tion and relative quantification of defect concentrations,
but not their absolute values. However, because the sig-
natures of VSi and CAV in both the DLTS measurements
(S center, EH4,5 traps) and the PL spectra (V lines, AB
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FIG. 8. Fluence dependence of the (a) VSi and (b) CAV pair
concentration, obtained from combined DLTS (S2 and EH4,5
traps) and PL results (V and AB lines) after annealing at
increasingly high temperatures. The sample irradiated to a
fluence of 4× 1012 cm−2 (dashed black line) could be char-
acterized by both methods in several annealing stages and
was therefore used for calibration. Grey area marks onset of
increased inaccuracy in DLTS measurement.
lines) have been identified, and the DLTS and PL re-
sults overlap for one fluence (4× 1012 cm−2), we normal-
ized the PL data with regard to the DLTS concentrations
in the overlapping region, and then used the established
fixed multiplier to calibrate the rest of the PL data to
obtain estimates for the absolute defect concentrations
for both defects across the whole fluence range.
Fig. 8(a) shows that there is a distinct difference between
the thermal evolution of the Si vacancy at low and at
high irradiation fluences. For samples with fluences at
and below 1× 1012 cm−2, i.e. the dilute concentration
regime, the evolution is dominated by an abrupt drop of
[VSi] for anneals at 400
◦C. While annealing to increas-
ingly higher temperatures, the VSi concentration remains
almost constant. Analogously to the VC defect, it can
be stated that the stark drop is probably due to recom-
bination of residual Si and C interstitials that initially
lack an immediate VSi neighbor (Sii-VSi recombination
cannot be distinguished from CSi antisite formation by
DLTS, as this defect does not have any CTLs in the band
gap [3]). This requires somewhat elevated temperatures
due to longer diffusion ranges. The migration barrier
for Ci and Sii are below 1 eV for the electrically neutral
charge state and increase to around 2 eV as the Fermi
level moves deeper into the band gap[40]. This means
that interstitial diffusion is facilitated in n-type and par-
tially blocked for compensated material, which is a likely
explanation for the absence of a decrease in concentration
in the 400 ◦C samples for fluences larger than 1012 cm−2.
For these compensated samples, the VSi concentration
evolution is instead mainly characerized by a slow de-
crease above 400 ◦C.
To understand the evolution of VSi, it is insightful to
compare it with the simultaneous development of the
CAV pair concentration (Fig. 8(b)). Here, a similar di-
chotomy of the annealing behavior can be stated. At
fluences of up to 4× 1012 cm−2, [CAV] decreases slowly
with annealing temperature, by a factor of 3.75 between
300 ◦C and 1000 ◦C independent of fluence; the decrease
appears to be somewhat accelerated at the highest tem-
peratures. For the higher fluences, within the PL sam-
ple set, the 400 ◦C anneal induces a pronounced drop of
[CAV] starting from a fluence of 8× 1012 cm−2 which is
completely alleviated in the 1000 ◦C step.
We conjecture that the evolution of both defects at flu-
ences higher than 4× 1012 cm−3 are partially related to
the interconversion of VSi and the CAV pair. The pref-
erential direction of this process depends on the position
of the Fermi level (see formation energy diagram, Fig. 4):
in p-type and intrinsic SiC, the CAV pair possesses lower
formation energies than VSi and will therefore be the
more favorable defect species, while the situation is re-
versed for n-type conditions when the Fermi energy is
closer to the conduction band than approximately 1 eV.
Additionally, the transformation between those defects
is connected to a migration barrier Em for the C atom
which also depends on the position of the Fermi level.
Further, since for a fixed EF, both VSi and CAV are never
in the same charge state (see Fig. 4), there are electron
capture or emission processes associated with the conver-
sion. For the charge states most likely occupied in our
experiments, and considering only those reactions that
yield an overall energy gain upon transformation, those
processes read
VSi
1− + CC −→ CSiVC1+ + 2e−, (1)
(Em = 2.5 eV),
CSiVC
0 + ne− −→ V Sin− + CC (2a)
(Em = 3.5 eV, n = 1, 2)
CSiVC
1+ + 2e− −→ V Si− + CC (2b)
(Em = 4.2 eV to 4.7 eV)
with n being the number of captured electrons, and
the migration barriers Em from Ref. [18] given in paren-
9theses. The conversion of VSi to CAV (Eq. (1)) is hin-
dered by a migration barrier of 2.5 eV, but also includes
double electron emission which requires an additional
1.6 eV (0.5 eV for ionization of the first and 1.1 eV for
the second electron, based on the CAV pair CTLs), con-
sequently increasing the transformation barrier to ap-
proximately 4.1 eV. The reverse process, CAV to VSi,
only requires free electrons available for capture, but the
migration barriers are 3.5 eV and higher. Since both re-
actions described by the equations (1) and (2) contain
a single atomic hop, the corresponding hopping rate for
a specific C atom at any given temperature is given by
fhop = ν0 exp (−Em/kBT), with ν0 the attempt frequency
typically in the order of a typical phonon frequency, i.e.
νph ≈ 1013 s−1. Both VSi and VC are tetrahedrally coor-
dinated, therefore the total fraction of VSi converted to
CAV during an annealing experiment of duration t can
be approximated by
[CSiVC](t)
[VSi](t)
= 4t · νph exp
(
− Em
kBT
)
, (3)
and with inverted roles of VSi and CAV for the reverse
process. Based on the above migration barrier of at least
3.5 eV for the transformation of CAV to VSi, a consider-
able fraction of converted defects, say [CAV]/[VSi] ≈ 0.5,
can be achieved above 750 ◦C. However, the charge state
of the CAV pair changes from neutral to 1+ just below
800 ◦C (compare Fig. 4). The associated CAV to VSi
transformation barrier then increases to at least 4.2 eV
which shifts the required temperatures for conversion up
even further. Given the fact that from 800 ◦C on, the
CAV pair also becomes energetically more favorable than
VSi, we believe that the transformation CAV to VSi plays
an insignificant role in n-type 4H-SiC. Conversely, using
a combined migration and emission barrier of 4.1 eV for
the VSi-to-CAV process, this should be observable for the
highest temperatures used in this experiment. There is
no corresponding trend visible in the low-fluence sam-
ples, likely because a large fraction of VSi have recom-
bined with interstitials until 400 ◦C, and the remaining
VSi concentration is an order of magnitude lower than
that of the CAV pair. If the reaction described by Eq. (1)
occurs, its effect can be considered negligible compared
to the already existing CAV defect population. In the
high-fluence (compensated) samples however, where in-
terstitial diffusion is suppressed, it should be observable.
Indeed, the partial recovery of [CAV] for the highest tem-
peratures may be due to this process. It is also accom-
panied by a decrease of [VSi] of comparable magnitude,
as expected.
3. Correlation between CAV and VC concentrations
What remains to be explained is the decrease of
[CAV] upon annealing, in particular the remarkable
drop already at quite low temperatures for fluences of
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FIG. 9. Correlation of concentration differences between VC
and CAV defects. Grey dashed line indicates a linear 1:1
relation.
4× 1012 cm−2 and higher. In the low-fluence range,
[CAV] decreases by a factor of 3.75 in the course of the
entire annealing experiment, independent of irradiation
fluence. This indicates that the mechanism behind the
decrease does not include other defect species. A mecha-
nism which would conform to this restriction is the disso-
ciation of CAV, as was already suggested earlier when the
enhanced concentration of VC defects was discussed. The
reaction CSiVC −→ CSi+VC produces an isolated carbon
vacancy and a carbon on silicon-antisite CSi. It requires
at least a single hop of a nearest-neighbor C atom into
the vacancy in order to separate the two components. CSi
is a defect without CTLs inside the band gap of 4H-SiC
[3, 43], and is therefore electrically inactive. For that rea-
son, the dissociation of CAV pairs exclusively leads to the
increase of VC concentration, as it was observed in our
experiments (Fig. 7). Plotting the measured decrease of
CAV pair concentration in the low-fluence samples with
annealing temperature above 400 ◦C versus the simulta-
neous increase of VC content from Fig. 7, it becomes ap-
parent that these quantities agree well which each other,
and share a linear 1:1 relation within experimental error
(see Fig. 9). We interpret this as an indication that the
decay of the concentration of CAV is closely related to
the gain in VC density, or even the dominant contributor
to this process. Using an expression similar to Eq. (3)
for the estimation of the dissociation fraction, and as-
suming that the temperature of 400 ◦C corresponding to
the renewed increase of [VC] also marks the onset of CAV
dissociation, the barrier associated with that process can
be expected to be in the range of 2.4 eV. However, there
are not many theoretical considerations of the energetics
of this process for comparison; one of the available works
has been published by Wang et al. [17] who consider
the dissociation as one possible conversion channel of the
CAV pair. Based on a comparatively high dissociation
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barrier, which they estimate to be 5.9 eV and moreover
identical to the migration barrier of VC, their assessment
is that this process is not of significance compared to the
inter-conversion between CAV and VSi; however, this as-
sessment was made assuming p-type conditions. As was
already stated, shifting the Fermi level towards n-type
conditions can drastically change migration barriers for
defects. In fact, for the neutral C vacancy, a migration
barrier between 3.7 eV and 4.2 eV [44] has been calcu-
lated, which is considerably lower than the value given
by Wang et al.. However, this value would still be too
large for the VC migration to play a significant role below
1000 ◦C.
It can be debated whether the migration barrier for the
single vacancy is actually a good approximation for the
dissociation energy of the CAV in general. Although the
process resembles VC migration, the energetics are dif-
ferent: both initial and final defect configuration of the
dissociation (CSiVC vs. CSi + VC) have higher forma-
tion energies compared to pure VC diffusion. For most
annealing temperatures in our experiments, the CAV pair
is in the neutral state, which according to Fig. 4 has a
formation energy of roughly 7 eV, about 2 eV higher than
the neutral state of VC. The final state consists of the
separate V0C and C
0
Si defects, having formation energies
of 5 eV and roughly 2 eV [3]. Therefore, both initial and
final state are about 2 eV higher in energy than VC. If,
apart from these constant energy shifts, the hopping car-
bon atom experiences the same electrostatic forces dur-
ing its migration, it is conceivable that the dissociation
barrier for the CAV pair is considerably lower (by an
estimated 1 to 2 eV) than the pure VC migration bar-
rier. Taking into account the result of Wang et al. [17]
claiming that the dissociation energy of the CAV pair
is identical for the case in which both components are
second-nearest neighbors as well as the case where they
are located inside different unit cells, it can also be stated
that a single carbon hop is probably enough to restore
the electronic properties of the isolated VC.
As for the compensated samples, it is presently unclear if
the pronounced drop of [CAV] can be similarly attributed
to the dissociation process. If it was, there would be a
fundamental difference between the compensated and the
n-type samples with regard to the annealing temperature
that is necessary to induce the dissociation, with a con-
siderably lower associated barrier for lower-lying EF.
4. The divacancy
The divacancy can form during irradiation, or at el-
evated temperatures during post-irradiation annealing
when the isolated vacancies become mobile – mostly due
to VSi diffusion, because the carbon vacancy has been
shown to be immobile below 1200 ◦C [44]. Fig. 10 dis-
plays the development of the PL4 line intensity with flu-
ence and annealing temperature, which is taken as a qual-
itative measure for [VV] here. After irradiation and the
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FIG. 10. Evolution of the intensity of the PL4 line (divan-
cancy VSiVC) with annealing temperature.
300 ◦C step, the divacancy is detectable in all high-fluence
samples, following a linear relationship with fluence, as
expected. Heating the samples to up to 600 ◦C only leads
to a minor change of [VV]; above that temperature, the
divacancy concentration exhibits a steep increase, with
the highest concentrations detected after 1000 ◦C. [VV]
now also follows an approximately quadradic relation
with fluence, which can be attributed to the fact that
a large portion of the defects have been formed by diffu-
sion of VSi and their pairing with VC, the concentration
of both of which is roughly proportional to the fluence.
Son et al. [16] have reported on the formation of the EPR
P6/7 center, which has likewise been attributed to the
divacancy, in considerable amounts by annealing above
750 ◦C, which matches the critical VV formation tem-
perature in this study.
The formation of VV reduces both the VSi and VC den-
sity to a certain extent. The resulting [VV] cannot be
directly inferred from the PL measurements. However,
it can be taken from Figs. 7 that the trend of a slow
increase of VC density with temperature reverses at the
highest annealing temperatures for irradiation fluences
above 2× 1011 cm−2. In contrast to the lower-fluence
samples, the VC-VC inter-defect distance for the higher
fluences becomes low enough for the VSi to migrate dur-
ing annealing such that VV can form. A similar trend
can be found for [VSi] (Fig. 8(a)): the 8× 1011 cm−2
and 1× 1013 cm−2 fluences exhibit a slight decrease of
[VSi] at the highest annealing temperatures. For both
defects, the change of concentrations when going from
800 ◦C to 1000 ◦C match well, and amount to approx-
imately 2× 1012 cm−3 which would then correspond to
the final divacancy concentration in these samples after
the 1000 ◦C anneal. This is an order of magnitude lower
than the concentration of the CAV pair, for instance,
which has CTLs in the same range as expected for the
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VV. It may therefore be that DLTS peaks corresponding
to the VV defect are completely superimposed by the
EH4,5 traps, and hence are not resolvable in the spectra.
D. Summary of defect evolution model
The model we propose for the annealing-induced con-
version of intrinsic defects in irradiated n-type 4H-SiC
is illustrated in Fig. 11 and will now be summarized.
At annealing temperatures of 300 ◦C and below, closely
spaced pairs of Si and C vacancies and interstitials
(VC(Si/C)i and VSi(Si/C)i) annihilate easily in both n-
type and compensated material. Increasing the temper-
ature leads to continued recombination of non-nearest
neighbor interstitial-vacancy pairs. This can only occur
in n-type material because interstitial diffusion is severely
hampered with increasingly positive charge state. The
next annealing stage is the dissociation of carbon antisite-
vacancy pairs via formation of individual CSi and VC de-
fects. This process seems to be triggered more abruptly
and at lower temperatures for compensated as compared
to n-type samples. At even higher annealing temper-
atures, conversion of VSi to CAV pair occurs in the
compensated samples. This process is visible because
a large fraction of originally formed vacancies remained
unannealed in the previous stage of blocked vacancy-
interstitial recombination. For the highest temperatures
in this experiment, the formation of divacancies via the
diffusion of VSi and binding to VC defects is observed.
IV. CONCLUSION
The defect population in proton-irradiated, n-type 4H-
SiC epilayers and its evolution during post-annealing
have been studied through a combination of optical and
electrical methods. We have shown that the dominant
defect species are silicon and carbon vacancies and inter-
stitials, the carbon antisite-carbon vacancy pair (CAV),
and the divacancy (VV). All these are already present
after irradiation and dynamic annealing. Irradiation is
also shown to lead to compensation of donors with in-
creasing proton fluence, which can be partially reversed
upon high-temperature annealing, supporting the notion
of compensation by acceptor defects rather than by donor
passivation. The presented data further support the as-
signment of the high-temperature EH4 and EH5 levels ob-
served by deep level transient spectroscopy to the (+/0)
CTL of the CAV pair in its four energetically inequiva-
lent configurations. We show that a temperature-induced
interconversion between the single Si vacancy (VSi) and
the CAV pair, as it has been reported in p-type material,
is suppressed under n-type conditions. Instead, CAV de-
fects appear to anneal out via a different route that, at
the same time, leads to an equally large increase of car-
bon vacancy (VC) concentration. We present a model
describing this as a simple dissociation into isolated VC
and carbon antisite (CSi) defects – a process which, ac-
cording to our data and model, could be activated at
a much lower temperature than previously expected. It
also seems to occur more abruptly and at lower temper-
atures when the Fermi level is lower in the band gap
(under compensation). We furthermore show that until
400 ◦C, the annealing behavior of irradiated n-type SiC is
dominated by continued recombination of vacancies VC,
VSi with self-interstitials, a process which is blocked in
compensated SiC. Annealing at temperatures at 800 ◦C
and above lead to the diffusion-mediated formation of
divacancies VSiVC.
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